Background--Late gadolinium enhancement (LGE) is the current standard for myocardial scar delineation. In this study, we introduce the tractographic propagation angle (PA), a metric of myofiber curvature (degrees/unit distance) derived from diffusion tensor imaging (DTI), and compare its use to LGE and invasive scar assessment by endocardial voltage mapping.
I
maging of myocardial scar is of clinical importance in the diagnosis and prognosis of a variety of cardiomyopathies. In ischemic cardiomyopathy, delineation of the extent of infarction and the area of viable myocardium plays an important role in patient management and the assessment of long-term prognosis. [1] [2] [3] [4] Myocardial tissue characterization is also of value in the diagnosis and assessment of a number of nonischemic cardiomyopathies. [5] [6] [7] In addition, scar-imaging techniques are increasingly used in the preprocedural assessment of the underlying arrhythmic substrate for patients undergoing catheter ablation for ventricular arrhythmias, 8 for which intraprocedural scar definition is performed using endocardial or epicardial voltage mapping. 8, 9 A variety of imaging modalities and approaches have been used to assess myocardial injury, infiltration, and viability, most notably late gadolinium enhancement (LGE), [1] [2] [3] [5] [6] [7] and positron emission tomography. [10] [11] [12] LGE has emerged as a leading technique for tissue characterization of the myocardium; however, several issues complicate its use. These include the risk of gadolinium deposition in the body, 13, 14 empirical selection of gadolinium dose, dependence of the technique on the selection of the correct inversion time, and inconsistency in the methods used to define scar regions. [15] [16] [17] Unlike conventional methods based on the use of exogenous contrast agents, in vivo diffusion tensor imaging (DTI) exploits the diffusion of water in the myocardium as an endogenous contrast mechanism. [18] [19] [20] [21] [22] [23] The use of DTI avoids the need for iodinated or gadolinium-based contrast, which may be toxic or contraindicated in patients with impaired renal function. 13, 14 It also provides a more detailed representation of the underlying tissue structure. [24] [25] [26] Normal myocardial fibers are organized as a stereotypical 3-dimensional continuum, with an array of crossing helices, varying smoothly in orientation from subendocardium to subepicardium. [27] [28] [29] In addition, the myofiber trajectories typically exhibit only small variations within a local region of the heart. In this study, we hypothesized that the detection of increased variability or discontinuity in myofiber trajectory could be used to identify myocardial abnormalities such as scar. We devised the tractographic propagation angle (PA), a DTI-derived topographic index of fiber trajectory, to characterize myocardial microstructure and to detect and delineate abnormal regions. In this study, we define the spectrum of normal PA values and compare its use to both LGE and invasive scar assessment by endocardial voltage mapping.
Methods
The data, analytic methods, and study materials will not be made available to other researchers for purposes of reproducing the results or replicating the procedure. All animal and human studies followed institutional guidelines and were performed in accordance with research protocols approved by the institutional review board at each institution. Written informed consent was obtained from the human participants.
DTI of Healthy Human Volunteers
DTI of healthy volunteers (n=7) was performed on a clinical 3-T scanner (MAGNETOM Skyra; Siemens Healthcare) equipped with a 45 mT/m gradient and a 34-element cardiac receive coil. Images were acquired during breath holds using an ECG-gated diffusion-encoded stimulated echo sequence, volume selected in the phase-encode axis, using a slab selective radiofrequency pulse. 19, 23, 26 23 Images were acquired in the systolic and diastolic sweet spots of the cardiac cycle to mitigate strain effects.
18,22
In Vivo DTI of Normal Mice
Normal mice (C57BL6, n=6) were imaged on a 9.4-T horizontal-bore scanner (Biospec; Bruker) equipped with a 1500 mT/m gradient. 20 DTI of the heart was performed with cardiorespiratory gating using a fat-suppressed single-shot spin echo sequence with an echo planar imaging readout. First-order motion-compensated, diffusion-encoding gradients were placed on both sides of the 180°refocusing pulse. What Are the Clinical Implications?
• Cardiac diffusion tensor imaging can be performed in patients with cardiovascular disease.
• PA enables myocardial scar delineation without the use of exogenous contrast agents, which would be of particular value in patients with impaired renal function.
• PA could be used to identify patients with varying degrees of myofiber disarray, which may correlate with their risk of arrhythmia.
• PA provides a direct measure of myofiber architecture, which could provide important insights into the pathogenesis of ventricular arrhythmias.
• Diffusion tractography could be of value for scar imaging before catheter ablation procedures.
described above.
LGE was performed in the short axis of the LV, 10 to 20 minutes after the injection of 0.2 mmol/kg of Gd-DTPA (gadopentetate dimeglumine), using a 2-dimensional inversion recovery gradient echo sequence. Image parameters included field of view, 25925 mm 2 ; matrix, 1609160; slice thickness, 1 mm; flip angle, 60°; repetition time, 1000 ms; echo time, 1.4 ms; and 2 averages. A nonselective adiabatic prepulse was used for uniform inversion, and the inversion time used (600 ms at default) was adjusted to null the uninjured myocardium.
DTI of Patients Following Myocardial Infarction
Patients with large anterior myocardial infarctions (n=5) were imaged on a clinical 1.5-T scanner (Achieva; Philips) %12 months after the event. DTI was performed with a diffusion-encoded stimulated-echo echo planar imaging sequence using a 5-channel cardiac coil and single-shot cartesian readout, as described previously. 22 Sequence parameters were as follows: repetition time, 2RR intervals; spatial resolution, 29298 mm 3 ; b values, 0 and 500 s/mm 2 ;
10 diffusion-encoding directions; and 8 averages. Imaging was performed in the sweet spot of the cardiac cycle to mitigate the effects of strain.
LGE imaging was performed 20 minutes after the injection of 0.2 mmol/kg of gadobutrol with a standard 2-dimensional inversion recovery gradient echo sequence.
Ex Vivo Imaging of Normal Human and Sheep Hearts
Normal human hearts (n=5), otherwise unsuited to clinical use, were harvested from organ donors (International Institute for the Advancement of Medicine, Jessup, Pennsylvania) and flown to our institution in a preservative solution on ice. Sheep hearts (n=5) were harvested from healthy adult sheep and preserved in formalin. High-resolution DTI was performed on a 3-T clinical scanner (TRIO; Siemens) with the hearts immersed in a fluorocarbon-matching medium. A fat-suppressed diffusion-encoded single-shot spin-echo echo planar imaging sequence, with b values of 0 and 2000 s/mm 2 , was used. Other parameters included spatial resolution, 29292 mm 3 ; repetition/echo time, 8430/96 ms; flip angle, 90°; 6 diffusion-encoding directions; and 24 averages. Between 50 and 70 slices (without gaps) were acquired in the short axis of the LV to cover the entire heart.
Electroanatomic Mapping and DTI of Infarcted Sheep Hearts
Septal infarcts were induced in adult sheep (n=5) by balloon inflation in the mid-left anterior descending coronary artery for 3 hours. The creation of injury in the septum was confirmed by the presence of ST-segment elevation in lead V1. After a 3-month period to allow for ventricular remodeling, endocardial electroanatomic mapping was performed using the CARTO system (Biosense-Webster). A 4-mm mappingablation catheter was introduced into the LV via a retrograde aortic approach, and %200 mapping points were obtained during sinus rhythm. The mapping-ablation catheter was then placed in the right ventricle, and an additional 30 to 50 points were acquired. Bipolar and unipolar voltages were recorded at each site to create a substrate map. Following mapping, the sheep were euthanized and the hearts excised for high-resolution DTI. Before euthanasia, 30 000 U of heparin were administered and a left thoracotomy was performed to expose the heart. Cardiac arrest (ventricular fibrillation) was then induced with high-rate ventricular pacing. The heart was excised and rinsed with saline, and the coronary arteries were selectively cannulated to remove blood and to infuse 2% formalin, after which the entire heart was placed in formalin. DTI of the excised hearts was performed using the same approach and parameters that were used to image the excised human hearts, as described earlier.
Calculation of the Tractographic PA and Infarct Delineation
Before computing the diffusion tensor, diffusion-weighted images were aligned to a reference b=0 s/mm 2 image using an automated registration approach based on matching radial intensity profiles over all repetitions. 23 The diffusion tensor was computed for each voxel and the primary, secondary, and tertiary eigenvectors (ê 1 ,ê 2 ,ê 3 ), and their associated eigenvalues (k 1 , k 2 , k 3 ) were derived. Fiber tracts were obtained by integrating the primary eigenvector in the diffusion tensor field into streamlines using an adaptive fifth-order Runge-Kutta method. PA values were computed along myofiber trajectories within the principal eigenvector field. The PA is defined as the angle between 2 adjacent principal eigenvectors (ê ij ,ê ij+1 ) relative to a given tract ( Figure 1A ). Thus, PA is a measure of curvature as a differential by unit length, with physical units of degrees per voxel. We studied the distribution of PA values for in vivo and ex vivo normal human hearts and determined an upper limit of normal value for the PA ( Figure 1B through 1D ). This PA value was subsequently used as a threshold for delineation of scar in hearts following myocardial infarction. Mean diffusivity (MD), fractional anisotropy (FA), and helix angle (HA) were calculated using standard definitions, as described previously. 27, 29 HA variance was also computed as an index of the dispersion of transmural myofiber orientation.
Infarct Delineation by LGE
Participants were recruited from a clinical cohort of patients with large anterior myocardial infarcts. All participants had an extensive area of LGE in the anterior wall and septum. Segmentation of the LGE images was performed using a scheme shown in several recent studies to be useful in the assessment of myocardial remodeling as well as in the prediction of arrhythmic events and all-cause mortality. 3, 4, 30 The infarct core (infarct zone) was defined by a signal intensity >3 SD above that of normal myocardium. The peri-infarct region (border zone) was defined by a signal between 2 and 3 SD above normal. The total infarct region was defined by a signal >2 SD above that of normal myocardium and included the infarct zone and the border zone.
Integration of DTI and Endocardial Voltage Maps
An endocardial surface map of the LV derived from the location of each mapping point was generated and coregistered with the diffusion-weighted images of the LV using an affine transformation. Each segment of the tractograms was then color-coded by endocardial bipolar voltage based on the nearest mapping point. We used endocardial bipolar voltage values to delineate normal myocardium (≥1.5 mV) from dense scar (≤0.5 mV) and border zone (0.5-1.5 mV). 9, 31 The relationship between PA and bipolar voltage was nonlinear and was modeled using both a rational polynomial function of the form, V (PA) =a+[b/(PA c +d)], and a piecewise linear model.
Statistical Analyses
Correlations between infarct size derived from PA and LGE were performed using the Spearman correlation coefficient. in vivo versus ex vivo) were prepared using histogram analysis on a per-voxel basis and displayed using unsmoothed peak-topeak graphs.
Results

Tractographic PA in Normal Hearts
The PA in the normal human hearts varied smoothly and ranged approximately between 0 and 4, except at the right ventricular insertion points and apex, where it was slightly higher ( Figure 1B through 1C) . No significant differences were seen in PA values for the human hearts imaged in vivo or ex vivo. The distributions of PA values in the LV are shown in Figure 1D . The distribution of PA values was similar in all human hearts, with the majority of tract segments having a PA of <4. PA was highly conserved across species and averaged 4.05AE0.45 in the human heart in vivo, 3.86AE0.69 in the human heart ex vivo, 3.97AE0.71 in the sheep heart ex vivo, and 4.07AE0.54 in the mouse heart in vivo (Figure 2A ).
Tractographic PA and LGE in Infarcted Myocardium
Although the PA maps in normal mice resembled those in healthy human volunteers, PA maps of the infarcted mouse hearts demonstrated marked differences. Using the PA threshold of 4, derived from our analysis of the distribution of PA values in normal hearts, we show infarct delineation based on PA and LGE in Figure 2B through 2E. Segmentation of the LV using a PA threshold of 4 resulted in clear delineation of the infarct region ( Figure 2E ), and the correlation between infarct size estimates based on PA and LGE segmentation ( Figure 2F ) was high (r=0.97).
Similar analyses were performed for the patients with large anterior myocardial infarctions. Delineation of the total infarct region based on LGE ( Figure 3A and 3B) and PA ( Figure 3C ) again yielded a strong correlation (r=0.95; Figure 3G ). As in the infarcted mouse hearts, the use of a PA threshold >4 was the most accurate DTI-derived index of total infarct size in patients with myocardial infarction. The infarct region was characterized by a subtle increase in MD (1.07AE0.42 versus 0.85AE0.26, P=NS; Figure 3D ) and decrease in FA (0.45AE0.07 versus 0.54AE0.03, P=NS; Figure 3E ). Likewise, the transmural variation in HA was altered in large parts of the infarct ( Figure 3F ). An increase in PA consistently demonstrated the strongest correlation with LGE ( Figure 3G ). Conservation of mean PA values in normal myocardium was observed across species (mouse, sheep, and human). In each species, there was a significant increase (P<0.05) in PA in the infarct region compared with remote and normal myocardium ( Figure 3H ).
Tractography of fibers in the infarct, border, and remote zones of patients with myocardial infarction revealed 
Tractographic PA and Endocardial Voltage in Infarcted Myocardium
Integration of the LV endocardial bipolar voltage maps with the myofiber tracts was successfully performed for each infarcted sheep heart. Segmentation using the same PA threshold of 4 enabled the infarct region to be readily distinguished from the surrounding myocardium ( Figure 5A ). PA was markedly elevated in the regions with low endocardial voltage, as shown in Figure 5B . PA followed a bimodal distribution ( Figure 5C ), and a strong inverse relationship was observed between PA and bipolar voltage, as found by a rational polynomial function that minimizes the least squares residual error ( Figure 5D ). In addition, to assess the bimodal nature of this relationship, we computed a piecewise linear model relating PA to bipolar voltage with an inflection point at PA=4. This model yielded high r values for both PA ranges (0.94 and 0.93 for PA ≤4 and >4, respectively). Areas of normal myocardium characterized by bipolar voltage ≥1.5 mV generally exhibited PA values ≤4, those with dense scar and bipolar voltage ≤0.5 mV had PA values >10, and the border zone had intermediate bipolar voltage and PA values. Late diastolic potentials were also observed in some locations. These areas demonstrated a moderate elevation in PA (4-10).
Discussion
The organization of myofibers in the heart has a direct influence on its electrical and mechanical properties. 32, 33 In this article, we introduce a metric of myofiber architecture, the tractographic PA, and demonstrate that it can be used to delineate normal from infarcted myocardium with greater accuracy than established metrics of microstructure, such as MD and FA. PA can be used for noninvasive imaging of myocardial scar without the need for radiation or exogenous contrast. Furthermore, by providing a direct measure of myofiber architecture and coherence, PA has the potential to provide useful insights into the substrate for ventricular arrhythmias.
LGE magnetic resonance imaging is commonly used for the detection of myocardial infarction [1] [2] [3] [4] ; however, many patients with cardiovascular disease cannot receive gadolinium because of impaired renal function. 14 Noncontrast magnetic resonance imaging approaches based on the measurement of myocardial relaxation rates, 34, 35 magnetization transfer, 36 and apparent diffusivity 21 have been reported; however, with the exception of T1 mapping-based techniques, these approaches remain experimental. In addition, traditional indexes of diffusion such as MD and FA may not show large variations in fully healed chronic infarcts. 20, 37 Native T1 mapping of the myocardium has recently been used to detect areas of infarction and injury in patients with acute ST-segment-elevation myocardial infarction. 38, 39 The technique is rapid and reliable and provides an excellent option for those unable to receive gadolinium. T1 is sensitive to changes in the bulk material properties of the myocardium, such as its water and collagen content; however, T1 and other indexes based on magnetic relaxation and magnetization transfer provide no direct information on myofiber architecture. PA provides an alternative and complementary approach for the detection and delineation of myocardial scar based on the organization of myofibers in the heart. The value of PA can be affected by the image voxel size, which in turn is limited by the acceptable image signal-tonoise ratio. Signal-to-noise ratio is primarily dependent on voxel volume, which scales with organ size. In each of the investigated species, we observed that the attainable resolution measures a similar range of curvature that spans PA values characteristic of both normal and infarcted myocardium. Furthermore, we observed that physiologically relevant changes in curvature are revealed by DTI.
DTI was performed in the patients with myocardial infarction without tailored acceleration methods in %40 minutes. For clinical acceptance, the scan time will need to be significantly reduced. We recently demonstrated DTI with whole-heart coverage in 15 minutes using both in-plane and throughplane acceleration. 23 We anticipate that further reductions in scan time will be possible with ongoing advances in technology. Fiber architecture in the heart is frequently evaluated using the DTI-derived myofiber HA; however, HA in healthy myocardium varies transmurally by %120°from endocardium to epicardium, 29 and thus no single threshold value exists to distinguish normal from abnormal myocardium. In addition, abnormalities in HA may not be seen in all cases of myocardial injury, 40 although calculating HA variance improves sensitivity for infarct detection. 41 PA, in contrast, is highly uniform throughout the normal LV except for small areas at the apex and right ventricular insertion points. We demonstrate that a PA threshold of 4 can be used to distinguish normal from infarcted myocardium, with good correlation to established methods (LGE and endocardial voltage mapping). It should be noted that the patients in this study all had large anteroseptal infarcts, with extensive areas of LGE. Further studies will be needed to confirm the sensitivity of PA to smaller infarcts and nonischemic forms of myocardial scar. The border zone and infarct periphery frequently provide the substrate for reentrant ventricular arrhythmias, [2] [3] [4] 30 and an improved understanding of their microstructure would be beneficial. The border zone in the patients with infarction was characterized by a reduction in fiber coherence, which was more pronounced in the infarct zone. Regions of the LV with a PA ≤4 consistently had a bipolar voltage ≥1.5 mV, those with PA values between 4 and 10 had voltage between 0.5 and 1.5 mV, and those with a PA >10 had voltage ≤0.5 mV. These are congruent with generally accepted definitions of normal myocardium (≥1.5 mV), border zone (0.5-1.5 mV), and dense scar (≤0.5 mV) by bipolar voltage mapping. The successful integration of PA and endocardial bipolar voltage maps demonstrates that the use of DTI could complement, or potentially replace, LGE for preprocedural scar imaging before catheter ablation procedures for ventricular arrhythmias. This technique may also be useful in identifying epicardial foci in nonischemic cardiomyopathy, which would be advantageous in electrophysiologic applications. 8 The integration of DTI and electroanatomic mapping has historically been impeded by the limited availability of in vivo DTI data. Consequently, elegant computational approaches have been developed to integrate electroanatomic data with microstructural atlases of the heart. 32 In a clinical setting, the incorporation of LGE into risk models for sudden cardiac death may improve their accuracy by providing an assessment of the arrhythmic substrate. 42, 43 Tractography, in contrast, may enable more direct measurement of alterations in myofiber architecture, which has the potential to better define the substrate for reentrant arrhythmias. DTI tractography, and PA in particular, could also be used to help refine the risk assessment of sudden cardiac death.
In conclusion, the tractographic PA is a topographic measure of myocardial fiber trajectory that is derived from DTI. It is conserved across species and sensitive to pathological changes in both the infarct and border zones. Moderate elevations in PA identify regions of the myocardium with heterogeneous microstructure, which may form the substrate for reentrant ventricular arrhythmias. The measurement of PA enables myocardial scar delineation without the need for exogenous contrast agents or invasive procedures.
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